The potential spread of prion infectivity in secreta is a crucial concern for prion disease transmission. Here, serial protein misfolding cyclic amplification (sPMCA) allowed the detection of prions in milk from clinically affected animals as well as scrapie-exposed sheep at least 20 months before clinical onset of disease, irrespective of the immunohistochemical detection of protease-resistant PrP Sc within lymphoreticular and central nervous system tissues. These data indicate the secretion of prions within milk during the early stages of disease progression and a role for milk in prion transmission. Furthermore, the application of sPMCA to milk samples offers a noninvasive methodology to detect scrapie during preclinical/subclinical disease.
PrP
Sc , a disease-specific marker for prion diseases and the likely infectious agent, is widely distributed within the central nervous system (CNS) and lymphoreticular tissues (LRS) in ovine scrapie, human variant Creutzfeldt-Jakob disease (vCJD), and cervine chronic wasting disease (CWD) during both clinical and preclinical stages (4, 11, 25) . Furthermore, while the LRS distribution of PrP Sc is much more restricted in bovine spongiform encephalopathy (BSE), sheep experimentally infected with BSE display a PrP Sc tissue distribution more akin to that of ovine scrapie (11) .
For rodent-adapted scrapie and cervine CWD, the disease agent is detected in excreta when animals are in the clinical stages of disease, a process likely to contribute to environmental reservoirs of infectivity and lateral disease transmission (5, 13, 21) . Within an experimental rodent model, it has also been demonstrated that the shedding of PrP Sc and concomitant infectivity in feces occurs during preclinical scrapie (21) .
Evidence now also demonstrates that milk provides a vehicle for the transmission for prion diseases. Scrapie-free lambs fed milk from clinical scrapie-affected ewes propagate PrP Sc within their LRS (8) . Additionally, a recent study using a transgenic mouse bioassay demonstrated the secretion of infectivity in milk from preclinical animals where scrapie infectivity was found in milk months before the onset of clinical signs in animals with an ARQ/VRQ PrP genotype (10) . The presence of scrapie infectivity within milk was irrespective of mammary gland pathology or PrP Sc accumulation, and these animals were estimated to have considerable accumulation of immunohistochemically (IHC) detectable PrP Sc within the LRS at the time of sampling.
Here, we applied serial protein misfolding cyclic amplification (sPMCA) to the in vitro detection of PrP Sc within sheep milk ( Fig. 1) (Table 1) .
PMCA was first described by Saborio and colleagues (20) and allows the amplification of minute quantities of PrP Sc (18) . In rodent scrapie models, this methodology has detected PrP Sc in both blood (2, 18) and brain (22) material in the clinical and preclinical stages of disease as well as in urine excreted during clinical disease (14) . This technique has recently been applied to the high-level amplification of PrP Sc from natural hosts of prion diseases, including vCJD (7), CWD (9) , and scrapie (23) . Fresh ovine milk was obtained from individual sheep at least 7 days postpartum. Milk was collected from individual animals into sterile containers and stored on ice for shipping. Within 48 h of collection, milk samples were stored at Ϫ80°C. Colostrum was not analyzed. After thawing milk samples, samples from the same individual animal were pooled and EDTA, Nonidet P-40, and sodium deoxycholate were added to final concentrations of 50 mM, 0.5% (vol/vol), and 0.5% wt/vol, respectively. Samples (1 ml) were centrifuged for 10 min at 16,000 ϫ g. After cooling on ice for 5 min, clarified milk supernatant was withdrawn from under the solidified fat layer.
sPMCA was carried out as described by Thorne and Terry (23) , who demonstrated that samples from a range of animals containing at least one VRQ PrP allele could be amplified by this technique. Clarified milk supernatant was diluted 1 in 10 into PMCA brain homogenate substrate (10% [wt/vol] brain homogenate from a VRQ/VRQ PrP genotype animal within 150 mM NaCl, 4 mM EDTA, pH 8.0, 1.0% [wt/vol] Triton X-100, and miniprotease inhibitor; Roche) to a final volume of 100 l. Samples contained within sealed 0.2-ml PCR tubes were placed in a rack within an ultrasonicating water bath (model 3000; Misonix) that held the bottom of the tubes 0.4 cm above the sonicator horn. Water was added to the water bath up to the rack surface, immersing the sonicator horn. The water bath was held at 37°C, and sonications were performed for 40 s at 200 W, equivalent to 80% of the maximum power output of the machine. Sonications were repeated once every 30 min for 24 h (one PMCA round), after which the amplified samples were diluted 1 in 3 with PMCA substrate in a final volume of 100 l and the sample was subjected to further rounds of PMCA. Twelve PMCA rounds were performed for each sample, a total of 576 sonications over 12 days. PMCA samples were digested with 50 g/ml proteinase K for 1 h at 37°C before analysis of 10 l of each sample by Western blotting using 12% (wt/vol) acrylamide NuPAGE precast BisTris gels (as described in reference 15). All clinical scrapieaffected animals or those exposed to the scrapie agent were challenged by introduction into the Ripley flock (Veterinary Laboratories Agency, United Kingdom), where natural scrapie is endemic with a high incidence since 1996. Ryder and coworkers (17) reported that all animals with PrP genotypes VRQ/VRQ and ARQ/VRQ that were born into this flock developed scrapie, with incubation periods of 21 to 28 months and 28 to 39 months, respectively. When ARQ/VRQ animals were introduced into the flock at 6 to 26 months of age, 77% of the animals had subclinical scrapie 24 to 30 months later, as FIG. 1. sPMCA analysis of ovine milk samples. Milk was clarified and seeded into brain homogenate from sheep unexposed to the scrapie agent. Samples underwent sPMCA, and products were digested with proteinase K before analysis of 10 l of each sample. PrP was detected with monoclonal antibodies SHA31 and P4; molecular mass markers are indicated (kDa). Milk was sampled from animals not exposed to the scrapie agent (U), those displaying clinical signs of scrapie (C), or those exposed to a scrapie-positive farm environment but not displaying clinical disease (S). NS, non-seeded PMCA brain substrate subjected to identical sPMCA conditions at the same time as positive samples were analyzed. Samples from the four nonexposed animals were analyzed 18 to 20 times each by sPMCA. Samples from clinically affected or clinically normal scrapieexposed animals were analyzed in triplicate. For this triplicate analysis of each sample, the sPMCA round at which samples became positive is indicated under the appropriate lane. n, negative at round 12. Each sample was PrP Sc negative until the stated round and thereafter was positive. detected by IHC analysis of the LRS. Here, PrP Sc was detected in the milk from clinically affected animals at a rate of 92% (24 analyses; triplicate analyses of samples from 8 animals) and from scrapie-exposed, clinically normal sheep at a rate of 78% (27 analyses; triplicate analyses of samples from 9 animals) ( Fig. 1) (Table 1 ). All scrapie-exposed sheep, both clinically affected and clinically normal, tested positive for PrP Sc in at least one sPMCA reaction. PrP Sc was amplified from the milk of sheep with VRQ/VRQ, ARR/VRQ, ARQ/VRQ, and AHQ/ VRQ PrP genotypes (Table 1) . It required at least four to eight rounds of sPMCA to produce detectable PrP Sc within a milk sample from each of the scrapie-exposed sheep (Fig. 1) . Replica analysis of a pooled milk sample from each individual sheep occasionally demonstrated high variability in the round that samples became positive for PrP Sc (Fig. 1) ; this result may indicate the presence of very low levels of PrP Sc (19) and/or heterogeneity within milk samples. Analyses of ovine milk from a New Zealand-derived scrapie-free flock kept under strict biosecurity conditions (ADAS, United Kingdom) did not amplify PrP Sc within 12 rounds of sPMCA (78 analyses; up to 20 replica analyses of samples from 4 animals). For each of the sPMCA analyses, both positive and negative samples were analyzed concurrently within the same run on the same sonicator. These data demonstrate that PrP Sc amplified from samples from scrapie-exposed animals is not due to spontaneous PrP Sc formation or cross-contamination between samples within the sPMCA procedure. It is of note that prions were shed within milk from clinically normal, scrapie-exposed animals with multiple PrP genotypes. The ARQ/VRQ genotype is indicative of a high level of disease penetrance and widespread preclinical PrP Sc accumulation within the LRS system, whereas AHQ/VRQ and ARR/VRQ genotype animals typically have much lower disease penetrance (24) and LRS involvement (11) . This indicates the secretion of prions within milk regardless of high-level PrP Sc accumulation within the LRS and also the very likely detection of subclinical as well as preclinical disease in some of these animals.
No clinical scrapie-affected animals displayed clinical mastitis, and PrP Sc was not detected within mammary gland tissue from five sheep with clinical scrapie (Fig. 2 and data not  shown) . This is in agreement with the study by Lacroux et al. (10) , indicating that while the accumulation of PrP Sc within mammary gland tissue can occur, it is not a prerequisite for its deposition within milk. Here, postmortem detection of PrP Sc was carried out by routine diagnosis using IHC and Western blot analysis of the obex. Exceptions were animals 1349/08 and 1348/08, where obex tissue was analyzed by Bio-Rad TeSeE enzyme-linked immunosorbent assay (Table 1) . Postmortem IHC examination of palatine tonsil, ileal Peyer's patches, medial retropharyngeal lymph node, and mesenteric lymph node tissue was also carried out. Scrapie-exposed animals were shown to secrete PrP Sc within their milk irrespective of whether they could be confirmed as scrapie positive by postmortem immunoassay detection of PrP Sc within the CNS and LRS (Table 1 ). This discrepancy in PrP Sc detection may well reflect the greater sensitivity of sPMCA compared to immunoassay detection of PrP Sc ; these results also indicate that PrP Sc is secreted during the early stages of disease progression. Scrapie-exposed animals had PrP Sc detected within their milk at least 20 months prior to possible clinical onset of disease, and this was not apparently influenced by the PrP genotype. These data clearly demonstrate that the secretion of PrP Sc within milk occurs in natural scrapie. There are several routes through which the prion protein could be secreted into milk. Evidence suggests that within ovine mammary gland tissue, PrP C is actively produced within epithelial cells, and its secretion is most likely by exocytosis and the apocrine secretion of fat globules (3). It is unknown whether PrP Sc is produced within epithelial cells and secreted into milk through similar mechanisms. Alternative mechanisms are through vesicular transcytosis or paracellular transport of PrP Sc from the blood. It is established that prion-infected animals harbor infectivity and PrP Sc within the blood during preclinical disease (6, 18) and that blood components are secreted within milk, including cell types known to colocalize with PrP Sc within ovine mammary glands (12) .
Results indicate the potential transmission of scrapie in the milk of infected sheep for a prolonged period prior to clinical onset. As well as ewe-to-lamb disease transmission, this process is also likely to contribute to lateral transmission, as lambs fed milk from clinically infected ewes were the source for the transmission of scrapie between lambs within the first few months after birth (8) . It is unknown whether other prion diseases result in the secretion of prions within milk. CWD, vCJD, and experimental ovine BSE share similarities with scrapie in the tissue distribution of infectivity, and it seems plausible that an analogous secretion mechanism may occur. Given the extended preclinical stages and the purported importance of subclinical states for these diseases (16) , such an outcome would have significant implications for the transmission of prion diseases from apparently healthy animals and humans.
With regard to ovine milk and milk products, scrapie is not transmissible to humans, and to date there is no evidence of the natural occurrence of ovine BSE. As such, the reported findings do not indicate the likely introduction of zoonotic prions from sheep into the human food chain. Nevertheless, the presented data do indicate caution in the risk assessment associated with such foods. Also, it is unknown if analogous shedding of prions into milk occurs with bovine BSE; evidence from previous epidemiological and bioassay studies would suggest that such a scenario seems unlikely to cause clinical disease (1, 26) . However, the present report demonstrates that prions are secreted within the milk of sheep with PrP genotypes not typically associated with LRS accumulation of PrP Sc and that prions were secreted from animals devoid of IHCdetectable PrP Sc within their LRS. Such PrP Sc tissue distribution is similar to bovine BSE, and given the importance of bovine milk in the human diet, the potential presence of low levels of prions within bovine milk warrants further investigation.
Finally, analyzing milk samples by sPMCA offers a methodology with a clear potential for the identification of clinically sick animals and those with preclinical/subclinical scrapie. Such a noninvasive live-animal assay has the potential to contribute to the epidemiological study, management, and control of prion diseases within farmed animals.
